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SECTION  1 


INTRODUCTION  -  OBJECTIVES  AND  PRELIMINARY  CONCLUSIONS 

The  purDose  of  this  study  is  to  evaluate,  from  first 
principles,  the  character  and  severity  of  multipath  propagation 
interference  anticipated  for  the  ARIA  Phased  Array  Telemetry  System 
CARATS).  Earlier  work^  has  identified  multipath  interference  as  the 
cause  of  link  degradation  at  particular  RV  altitudes,  and  many 
present  ARIA  missions  are  constrained  to  wer  altitudes  for  this 
reason.  Flying  the  ARIA  at  relatively  low  altitudes  (5000  ft.  or 
less)  is  not  desirable  for  several  reasons  and  a  means  of 
alleviating  multipath  would  be  beneficial.  To  acquire  a  basic 
appreciation  for  the  relevant  parameters  and  essential  relations 
needed  to  understand  multipath  problems,  an  elementary  model  is 
initially  adopted,  in  which  only  two  propagation  paths  or  "channels" 
are  considered. 

The  direct  path  is  simply  the  line-of-sight  from  the  re-entry 
vehicle  (RV)  to  the  ARIA.  The  second  path  is  that  of  a  ray  which  is 
reflected  specularly  and  coherently  by  the  sea  surface  below  the 
transmitter  and  receiver.  The  diffuse  or  incoherent  radiation  which 
is  scattered  when  reflection  from  a  non-smooth  surface  occurs  is 
ignored,  save  for  the  introduction  of  a  "roughness  factor"  which 
approximately  accounts  for  the  attenuation  of  the  reflected  beam's 
coherent  power.  The  motion  of  the  RV  causes  different  Doppler 
shifts  of  the  transmitted  waveform  in  the  direct  and  specular 
directions,  while  the  relative  field  strengths  at  the  ARIA  are  a 
function  of  polarization,  RV  and  ARIA  antenna  gains,  reflection 
coefficients,  and  sea  surface  state,  in  the  context  of  the  RV-ARIA 
geometry.  The  interference  of  the  two  fields  at  the  ARIA  receiver 
has  three  principal  manifestations  which,  although  related,  are 
usually  discussed  separately: 
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1)  Power  fading  of  the  RF  transmission  due  to  destructive 
interference . 

2)  Distortion  of  the  intelligence  (Baseband)  modulated  onto 
the  carrier  as  a  result  of  phase  modulation  of  one 
channel's  signal  components  by  the  others 
(intermodulation) , 

3)  Intersymbol  interference  and  intermodulation  arising  from 
the  time  delay  difference  of  the  two  channels. 


All  of  the  above  effects  contribute  to  degradation  of  the  link, 
and  the  relative  strength  of  the  contributing  fields  largely 
determines  the  extent  of  the  deterioration. 


The  conclusions  of  this  investigation  to  date,  based  on  the 
elemetary  model,  include: 


1)  ARIA  antenna  directivity  (3  db  beamwidth  of  about  4°) 
minimizes  serious  multipath  interference  for  RV  altitudes 
greater  than  2%  of  the  RV-ARIA  baseline  (e.g.,  .8  km  for  40 
km  baseline) . 

2)  Under  most  circumstances,  RF  fades  are  significantly  deeper 
for  horizontal  polarization  since  there  is  less  reflection 
of  the  vertically  polarized  field  by  the  sea. 

3)  For  vertical  polarization,  there  is  an  optimum  RV-ARIA 
configuration  which  minimizes  multipath,  due  toQa 
reflection  minimum  in  the  specular  channel  at  6  grazing 
incidence  (at  S-band).  Other  considerations  may  outweigh 
the  advantage  gained  by  this  configuration,  however. 

4)  RF  fading  is  less  severe  (neglecting  RV  antenna  nulls)  for 
higher  receiver  altitudes  since  the  roughness  factor  and 
reflection  coefficient  amplitudes  decrease  with  increasing 
grazing  (specular)  angle. 

5)  Channel  time  delay  difference  increases  with  ARIA  and  RV 
altitude  and  is  approximately  1.5  (l s  at  an  ARIA  altitude  of 
10.6  km  (35,000  ft.),RV  altitude  of  1  km  and  40  km  RV-ARIA 
baseline. 
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6)  The  difference  between  the  Doppler  shifted  frequencies  of 
the  direct  and  specular  channels  (differential  Doppler)  is 
dependent  upon  RV  velocity,  and  for  a  given  velocity 
increases  with  receiver  altitude.  Typically,  values  range 
up  to  12  kHz  for  ARIA  altitudes  up  to  10  km  at  a  40  km 
baseline  separation. 

7)  Since  the  subcarrier  frequencies  used  in  the  frequency 
division  multiplex  format  (PCM/FM/FM)  of  the  telemetry  link 
are  typically  separated  by  16  kHz  and  have  20  kHz 
bandwidth,  differential  Doppler  can  cause  additional 
inter-subcarrier  interference. 

8)  Assuming  binary  data  rates  of  10  kB/s  per  subcarrier, 
intersymbol  interference  is  less  than  4X  in  the  multipath 
environment. 

9)  Multipath  fades  associated  with  RV  antenna  pattern  nulls 
should  be  worst  for  RV  trajectories  with  low  penetration 
angles  (measured  with  respect  to  the  local  horizontal)  and, 
for  a  given  trajectory,  become  more  serious  as  the  ARIA 
(APATS)  altitude  is  increased. 


These  theoretical  results  suggest  that  the  RV-ARIA  multipath 
problem  is  associated  with  both  the  ARIA  altitude  dependence  of  the 
differential  Doppler  and  the  fades  accompanying  the  RV  antenna 
pattern  nulls.  Since  relative  channel  delay  increases  with  ARIA 
altitude,  intersymbol  interference  may  also  lead  to  signal 
degradation  for  higher  bit  rates  and  ARIA  altitudes. 


Ongoing  studies  will  include: 


1)  The  impact  of  multipath  on  the  PCM/FM  and  PCM/FM/FM 
telemetry  format  commonly  used  for  RV-ARIA  links. 

2)  Programmed  calculations  of  RF  fade  using  the  experimental 
RV  antenna  gains. 

3)  The  relative  severity  of  multipath  at  P-band  and  S-band, 

4)  Link  degradation  arising  from  incoherent  scattering  and 
scintillation  from  the  sea  surface. 
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When  a  more  complete  comprehension  of  the  multipath 
interference,  as  encountered  in  the  context  of  APATS,  is  achieved, 
an  investigation  of  alleviation  techniques  will  follow. 

In  Section  2  the  basic  RV-ARIA  geometry,  Doppler  effects,  and 
FM  waveform  interference  are  considered.  The  details  of  the 
relationship  between  the  RV  antenna  pattern,  RV  orientation, 
reflection  coefficients,  etc.  which  must  be  formulated  to  calculate 
the  RF  fade  is  presented  in  Section  3.  Section  4  displays  and 
discusses  computer  calculations  based  on  the  theory  of  Section  3. 

In  the  Appendices,  details  pertaining  to  the  determination  of 
azimuth  in  the  RV  coordinate  system,  and  derivation  of  the  APATS 
(phased  array)  antenna  gain  are  presented. 


SECTION  2 


MODULATION  DISTORTION 

2.1  UNMODULATED  CARRIER  WAVE 

In  order  to  examine  the  basic  problem  of  multipath  interference 
in  this  telemetry  link  with  as  few  complications  as  possible,  this 
subsection  treats  the  case  of  the  interference  between  unmodulated 
carrier  waves  in  the  context  of  the  two-channel  model.  In  Figure  1, 
the  basic  geometry  is  illustrated.  In  addition  to  the  direct 
"line-of-sight"  path,  only  the  coherent  specular  reflection  path  is 
considered.  Despite  the  obvious  simplicity  of  this  model,  several 
fundamental  features  of  the  multipath  interference  are  exhibited. 
Consideration  of  important  details  such  as  RV  and  ARIA  antenna 
patterns,  surface  reflection  coefficients,  state  of  the  sea,  etc.  is 
deferred  until  a  later  section. 

Since  the  RV  speed  (2-6  kms-1 )  is  always  much  greater  than  that 
of  the  ARIA  (~0,2  kms"*1 ) ,  it  is  reasonable  to  invoke  an 
approximation  in  which  the  ARIA  is  stationary.  Since  the  receiver 
(e.g.  APATS)  is  always  in  the  far  field  of  the  RV  antenna,  the  field 
at  the  receiver  may  be  considered  as  the  sum  of  plane  waves  arriving 
from  the  line-of-sight  and  specular  directions.  If  the  transmitted 
carrier  wave  has  angular  frequency  U)Q  .  the  phase  of  the  direct  and 
specular  waves,  referenced  to  a  time,  t  ,  is  given  by, 

0D  =  fD  ■  "D  -  %  (t-t0>  (la) 

*s-V»-«0(b-v**r  (1b> 

in  which  the  vectors  D  and  S  are  functions  of  time. 
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Figure  1.  BASIC  MULTIPATH  MODEL  GEOMETRY 


D(t)  =  D. 

-  V  (t-t  ) 

(2a) 

fco 

0 

T(t)  =  X 

-T  (t-t  ) 

0 

(2b) 

and  the  propagation  vectors  are  given  by, 


A 


D 


(3a) 


— Cl)q 

kS  =  (T  3  (3b) 

-A.  A 

in  which  D  and  S  are  unit  vectors  in  the  line-of-sight  and  specular 
directions  respectively,  as  illustrated  in  Figure  2,  and  the  time 
dependence  of  the  unit  vectors  has  been  neglected.  The  constant 
phase  shift,  0^.,  is  associated  with  reflection  of  the  specular  ray 
from  the  sea.  The  velocity  is  assumed  to  be  constant  over  the  time 
interval  t-tQ,  which  is  a  fair  approximation  for  t-tQ<10”  s — a  time 
which  is  very  large  relative  to  the  carrier  period  (~10  ^s)  or  path 
delay  time  difference  (~10-b  sec)  in  the  multipath  environment. 


Substitution  of  Equations  (2)  and  (3)  into  Equation  (1)  yields. 


(1 


ft 


)  (t-t  ) 
o 


(4a) 


*S 


wo 


(1+- 


-)  <t-tQ)  +0p 


(4b) 


From  which  it  is  evident  M  at  the  relative  motion  of  the  source  and 
receiver  produces  Doppler  shifts  of  the  carrier,  which,  for  this 
non-relativistic  treatment  are,  more  explicitly. 
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in  which  DD  and  Dg  are  Doppler  factors  in  the  direct  and  specular 
directions  respectively.  The  size  of  the  Doppler  shift  is  a  linear 
function  of  the  projection  of  the  RV  velocity  on  the  direction  of 

A 

observation,  as  might  be  anticipated.  Since  the  RV  velocity,  and  D 
and  $  are  time  dependent,  the  Doppler  factors  will  vary  as  the  RV 
descends;  however,  this  variation  is  very  slow  compared  to  tne 
carrier  wave  period  or  relative  channel  delay  times,  and  the 
approximations  which  led  to  Equations  (4c)  and  (4d)  are  acceptable. 


If  constant  phase  shifts,  which  do  not  materially  affect  the 
result,  are  neglected,  the  waveform  receive j  by  APATS  can  be 
expressed  as  a  phasor  sum  of  the  voltages  associated  with  the  direct 
and  specular  fields,  designated  VD  and  Vg  respectively.  Thus,  the 
resultant  voltage  VR  is  given  by, 

VR(t)  =  Re  tVD  ei(DD%t)  +  Vg  ei(DSWot)]  (5) 

and  the  amplitude  of  V^  relative  to  Vg  will  be  considered  in  detail 
in  the  next  section.  Equation  (5)  is  represented  vectorily  in 
Figure  3.  The  direct  field  voltage  phasor  rotates  at  angular 
frequency  Dp{Jo,  while  the  specular  field  vector  rotates  relatively 
slowly  around  it  at  angular  frequency  0/Q(Ds-DD).  Equation  (5)  can 
be  re-expressed  in  terms  of  the  amplitude  and  phase  of  the 
resultant: 

V‘>  *  [VD  *  Vf  '  2Vs  C0S  k  <DS'DD)tf/2  <6’ 

X  cos  h  dd  1  +“] 
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Figure  4.  ONE  CYCLE  OF  AMPLITUDE  MODULATION 
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dt 
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O  0 
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VD  VS  C°'  *  VS 
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(  12’ 


A  plot  of  the  frequency  deviation,  i.e.,  the  right-hand  term  on  the 
right-hand  side  of  Eq.  (12),  is  given  in  Figure  5,  using  the  same 
parameters  as  employed  in  Figure  4;  Vg/VD  =  0.9,  <*>DD  =  10  kHz.  The 
frequency  maxima  and  minima  are: 


(WRHAX  =  W0°D  +  ^DD 

rvs  i 

2nn 

LVV! 

P  t=%D 

(^RMIN  =  %DD  "  WDD 

r  vs  i 

(2n+l)7 r 

LvvsJ 

n  =  0,  1,2... 


(13) 


A  measure  of  the  width  of  the  deep  valley  in  the  frequency  deviation 
function  is  obtained  from  the  "zero-crossing'’  points: 


wR  =  <uqDd;WHEN  t 


(2n+1  )jt 


tx) 


DD 


;n  *  0,  1 ,  2 


....(14) 


and  the  fraction  of  time  during  which  the  deviation  is  negative  is: 


T(“b  <  "oV 


For  example,  if  V  /V_  is  0.9,  the  freq.  deviation  is  negative  14% 

S  u 

of  the  time.  Note  that  as  Vg  approaches  Vp  in  magnitude,  the 
negative  deviation  becomes  much  greater  while  its  duration 
decreases.  The  deviation  can  be  expressed  in  terms  of  its  fourier 
components 


ij  ( t) 
DEV 


=  (J 


DD 


COS  (nC^Dt) 


(15) 


The  fundamental  frequency  modulation  term  has  the  Doppler  beat 
frequency,  <jpp  ,  while  all  harmonics  have  amplitudes  proportional  to 
.  There  is  no  constant  term,  and  therefore  the  average  freq. 
deviation  is  zero.  Note  that  as  Vg  approaches  Vp  ,  the  series 
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rVCLE  OF  PHASE  MODULATION 


converges  slowly  and  many  terms  contribute  significantly  to  the 
overall  deviation. 

The  frequency  spectrum  of  the  amplitude  limited  resultant  for 
this  case, 


V  » (const) cos  [0^(t)] 

is  very  complicated  and  spread  out,  and  has  been  considered  in 
detail  elsewhere.^  Consideration  of  this  spectrum  is  necessary  in 
connection  with  the  function  of  the  limiter  component  of  an  FM 
detector,  which  ideally  eliminates  the  amplitude  modulation 
represented  by  Eq.  (10).  Thus  far,  only  interference  between 
unmodulated  carriers  has  been  considered.  However,  it  is  already 
apparent  taat  potentially  large  amplitude  and  frequency  variations 
which  have  been  examined  here  can  have  a  deleterious  effect  on  the 
RV-ARIA  telemetry  link. 

2.2  FREQUENCY  MODULATED  CARRIER  WAVE 

For  simplicity,  consider  the  carrier  to  be  frequency  modulated 
by  a  3ingle  sinusoidal  component.  On  the  RV  the  instantaneous 
frequency  is, 


UKt)  =  cj  +  k,  cos  (w,t)  (15) 

o  1  1 

in  which  is  the  modulation  (baseband)  frequency  and  is  the 

maximum  frequency  deviation.  The  Doppler  shift  of  frequency 
modulated  transmission  is  illustrated  in  Figure  6,  which  shows  how 
the  spectral  components  are  scaled  by  the  Doppler  factor,  D  .  The 
particular  wideband  FM  spectrum  shown  is  only  schematic,  but  it 
should  be  noted  that  before  Doppler  shifting,  the  adjacent 
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b)  DOPPLER  SHIFTED  FM  SPECTRUM 


Figure  6.  DOPPLER  9 
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components  are  separated  by  ;  however,  after  Doppler  shifting 
the  separation  is  D<^  ,  indicating  that  th»  Dopnler-shtfted 
modulation  frequency  is  D^  as  expected.  Therefore,  because  of 
the  Doppler  shift  and  transit  time  delays,  Tp  and  T^,  the  frequency 
of  the  direct  path  wave  at  the  receiving  point  (ARIA)  may  be 
expressed: 


wD(t)  =  Ddo»0  +  Dpk1  cos  [Dp^  (t-Tp)]  (17) 

Similarly,  for  the  specular  path  wave: 


oj  ( t)  :  D  (j  +  D  k,  cos  [D  (t-r)] 
s  sosl  si  s 


(18) 


Integration  of  these  equations  with  respect  to  time  yields  the 
phases  of  the  respective  waves, 


0D(t) 

*S(t) 


=  yLp(t)  dt  =  Dp<Jot  +  SIN(DpCJ1(t-Tp)) 

= y* CJs(t)  dt  =  Ds^Qt  +  Py  SINiDgW^t-Tg))  +  4>c 


(19) 

(20) 


in  which  fy  =  is  the  modulation  index  and  the  integration 

constants  have  been  combined  in  .  Note  that  the  Doppler  shifts 

^o 

do  not  change  the  modulation  index,  which  is  consistent  with 
Figure  6.  For  convenience, 


0(t)  =  £s( t)  -^p(t) 

is  the  phase  difference  between  the  direct  and  specular  voltages. 

The  voltages  may  be  expressed, 

Vp(t)  =  cos(0p(t))  (21) 

v  (t)  =  p  cos  (0  (t))  (22) 

3  S 


17 


in  which, 


is  the  ratio  of  the  voltage  amplitudes.  Phasor  addition  of  the 
fields  yields: 


vR(t)  =  vD(t)  ♦  vs(t)  =  [1  +  p2  +  2p  cos  0(t)  ] 1/2  cos  ttf>D(t)  +  0K23) 


0  =  TAN**1 


'PSIN  0(t) 

_1  +  pCOS  0(t) 


(24) 


The  instantaneous  angular  frequency  of  the  resultant  wave  is 
given  by: 


oyt) 


dV°  d  e 

dt  dt 


(25) 


The  first  term  is  just  the  desired  signal  which  would  be  detected  if 

2 

no  interfering  wave  were  present.  Elsewhere  it  has  been  shown  that 
the  distortion  term,  6,  has  the  expansion: 
ao 


6(t) 


..  E 


n+1 


n=  1 


n 


P  SIN  (n0(t)) 


(26) 


Examination  of  one  term  reveals: 


sin  [n  0(t)]  «  Im  [ein0(t)] 


(27) 


=  Im 


[eKW'W  <SINCDs«,<t -TS»  - 

SUKD^Ct-T^JK^jj 


At  this  point,  it  is  worthwhile  to  introduce  the  standard  expansion, 

oo 


ia3intut 


=  S  j  (a) 
n=-oo  n 


inu>t 


(28) 
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in  which 

Va) 

is 

n  .  With 

this 

00 

the 

0  (t) 

,  £ 

(-1 

n=  1 

n 

SIN 

[("%D 

*  ( 

00 


P  J  (I 

m=-oo  m 


oo 

n*V  c^k<n^i>  X 


(29) 


where,  as  before  <j  -  (D_~D  )  ^  . 

DD  a  D  wo 

The  frequency  distortion  is  given  by  the  time  derivative  of  0  : 

^‘p"!  w  £  i>  X  <30) 

n*l  m=*-oo  k=-oO  '  ' 

(nai)D  +  mDS<Jl  “  kDD<J1)  C0S  *-(nWDD  +  mDStt>1  ~  kDDtJ1)  1  + 

Wl(kDDTD  '  mDSTS)  +  n<^c] 


Once  again,  it  should  be  remembered  that  the  time  dependence  of 
Dq  ,  Dg  ,  Tp  and  ts  has  been  suppressed  since  changes  in  these 
quantities  are  slow  relative  to  the  modulation  period.  Unless 
=  0  ,  in  general  no  distortion  component  will  occur  at  the  same 
frequency  as  the  Doppler-shifted  baseband  modulation,  D.^  . 

However,  it  is  quite  feasible  for  distortion  components  to  fall 
within  the  passband  of  the  low  pass  filter  which  usually  follows  the 
discriminator  in  a  typical  FM  receiver,  and  such  components  will 
contribute  to  noise.  The  well  known  signal  to  noise  improvement  and 
co-channel  interference  rejection  capabilities  of  wideband  FM  will 
mitigate  against  multipath  and  a  detailed  examination  of  these 
subjects  should  be  performed. 
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SECTION  3 


RF  POWER  FADING 


In  Section  2  the  general  character  of  the  interference  which 
can  occur  in  the  context  of  the  two-channel  multipath  model  was 
explored.  In  particular,  it  was  shown  that  the  resultant  waveform 
is  both  amplitude  and  phase  modulated  (Eqs.6,11).  The  relative 
strengths  of  the  interfering  voltages  determine  the  extremes  of  the 
amplitude  modulation  (Eq.  9)  and  instantaneous  frequency  excursion 
(Eq.  13).  It  is  therefore  essential,  for  any  practical 
investigation  of  signal  degradation  arising  from  multipath 
interference,  to  estimate  the  relative  strengths  of  the  direct  and 
specular  fields  and  the  respective  voltages  at  the  output  of  the 
receiving  antenna.  This  is  the  subject  of  this  section. 

All  of  the  factors  which  mu3t  be  considered  to  determine  the 
relative  field  strength  must  be  examined  in  the  context  of  the 
RV-ARIA  geometry,  shown  exaggerated  in  Figure  7.  When  the  RV  and 
ARIA  altitudes,  and  RV-ARIA  range  are  small  in  comparison  with  the 
radius  of  the  earth,  Re>  a  flat  earth  approximation  can  be  employed 
without  incurring  serious  errors.  The- direct  path  vector  from  the 
RV  to  the  ARIA,  *D*t  is  given  by, 


and  the  specular  path  vector  from  the  RV  to  the  ARIA  image  is  given 

by, 

2r  iT 

S  =  ( 1-2 r. )  R.  -  R„  +-^r-r  (32) 

AAV  |R(J| 
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Figure  7.  BASIC  MULTIPATH  FLAT  EARTH  GEOMETRY 
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/ 


where , 


and , 


IrIi  :^c=  rvTv 

~RC  ;  O-rA^A 

\%\ 


Thus,  a  relative  space  loss  factor  is  immediately  obtainable: 


The  specular  beam  is  also  attenuated  as  a  result  of  reflection  from 
the  sea.  The  specular  angle,  $  ,  which  is  measured  in  the  plane  of 
incidence  with  respect  to  the  horizontal  is  given  by, 


6  =  TAN 


-1 


[(l-rA)RA  +  r^A  +  r 


rARA  +  W 


VRv 


+  RC  •  [(ry-l)'Rv  +  (l-rA)RA]J 


(34) 


The  Fresnel  reflection  coefficients  for  reflection  from  a  smooth 

surface  are  a  function  of  0  ,  incident  field  polarization,  and 

4 

surface  conductivity  and  dielectric  constant  ; 


a 


H 

R 


SIN  0  -  (?72-COS20)1/2 
SIN  6>+  (772-COS20)1/Z 


V2  SIN  e-  (772-COS26>)1/2 
V2  SIN  6+  (772-COS20)1/2 


(35) 


«  i 
.  1 


i 


(36) 


In  the  above,  the  superscript  H  denotes  horizontal  polarization, 
while  V  denotes  vertical  (in  plane  of  incidence)  polarization,  and 
J?**  is  the  complex  dielectric  constant, 


i  (18x103)<7 
f rcq . (MHz) 


(37) 


For  sea  water3,  the  relative  (to  air)  dielectric  const,  €r,  and 
conductivity  a  are: 


=  81  ;  <7  S  4  MHO/M 

The  reflection  coeff.  for  horizontal  polarization ,  c<R  ,  is  close  to 

unity  for  0  <  0  <  30°,  but  the  reflection  coeff.  for  vertical 

polarization,  ai,  goes  through  a  minimum  of  about  0.1  at  0  ^  6° 

R 

(Brewster  angle). 


If  the  sea-surface  is  not  absolutely  smooth,  the  amplitude  of 
the  specular  component  for  both  polarizations  is  reduced  by  an 
additional  factor  upon  reflection,  which  has  the  root  mean  square 
value**, 


(CtSS)  RMS  “  exp 


in  which  <7^  is  the  standard  deviation  of  the  wave  height  about  the 

mean  surface,  and  X  is  the  wavelength  of  the  incident  radiation. 

The  above  equation  for  otCQis  exact  if  the  surface  height  is  a  random 

7 

variable  with  a  Gaussian  probability  distribution.  Experimentally  , 
it  is  found  that  Eq.  (38)  provides  a  good  approximation  for 
reflection  from  an  actual  sea  surface  if, 

<7,  SIN  0 

-=-r -  <  0.1  (39) 

A 
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If  this  condition  is  not  satisfied,  Eq.  (38)  underestimates  the 
amplitude  of  the  coherently  reflected  field.  A  sea  state  number  and 

g 

description  has  been  associated  with  certain  ranges  of  <Th  values  . 
Obviously,  as  the  surface  "roughness"  increases,  more  of  the 
incident  wave  is  scattered  incoherently  over  a  range  of  directions.. 

Two  very  important  factors ,  which  have  not  been  taken  into 
account  yet  are,  (1)  the  RV  antenna  gain  (transmission)  and  (2)  the 
ARIA  phased  array  antenna  gain  (reception).  The  RV  antenna 
typically  consists  of  two  circumferential  wave  guide  slots  on 
opposite  sides  of  the  RV  and  fed  in  phase  electrically.  This 
arrangement  is  intended  to  alleviate  severe  shadowing  which  would 
otherwise  occur  as  a  result  of  RV  rotation  (nominally  47T 
radians/sec) .  The  far  field  radiation  pattern  from  the  RV  is  very 

9 

complex  and  cannot  be  conveniently  described  analytically  .  It  is 
therefore  necessary  to  directly  measure  the  RV  radiation  pattern 
using  equipment  designed  for  this  purpose.  To  fully  characterize 
the  field  with  adequate  resolution,  the  following  quantities, 
measured  at  2°  angular  increments  in  elevation  and  azimuth,  are 
sufficient; 

Alternative  1: 


a)  linear  component  amplitude  (gain) , 

b)  orthogonal  linear  component  amplitude, 

c)  phase  angle  between  components  (e.g.  a)  leads  b)  by 

<5°) 

Alternative  2: 


a)  right  hand  circular  component  amplitude, 

b)  left  hand  circular  component  amplitude, 

c)  phase  angle  between  circular  components. 
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Other  alternatives  are  possible,  but  basically  three  independent 

quantities  must  be  measured.  By  convention,  all  measurements  are 

made  with  reference  to  the  RV-antenna  consolidated  coordinate 

g 

system  (RVCCS),  which  is  rigidly  fixed  to  the  RV  with  its  polar 
axis  coincident  with  the  RV  roll  axis,  as  shown  in  Figure  8.  At  RV 
altitudes  relevant  for  APATS,  i.e.,  less  than  125  km,  the  RV  velocity 
vector  is  parallel  to  the  RV  roll  axis  (negligible  wobble).  RV 
orientation,  with  respect  to  the  ARIA,  is  characterized  by  its 
velocity  vector  direction  and  rotational  position  about  its  roll 
axis.  The  angles  between  the  vectors  lT  and  V  ,  and  S  and  "V, 
correspond  to  the  elevation  coordinates  in  RVCCS  of  the  direct  and 
specular  emission  directions,  respectively.  These  angles  are 
readily  obtained: 


6>D(t)  =  cos"1  [V(t) 

*  D(t)] 

(40) 

0s(t)  =  cos-1  [V(t> 

S(t)] 

(41) 

The  azimuth  angles  in  RVCCS  are  measured  from  an  arbitrary  reference 
azimuth  in  a  counter-clockwise  direction  as  one  views  the  nose  of 
the  RV.  (See  Figures  8  and  9.)  If  the  RV  rotates  with  an  angular 
velocity  and  does  not  change  the  direction  of  its  velocity,  the 

direct  and  specular  ray  azimuths  in  the  RVCCS  are  given  by. 


Vt} 

=  W  -V"1!1 

(42) 

*s(t> 

=  ^D(t)  -A 

(43) 

in  which  0n(t  )  is 
u  0 

the  RVCCS  azimuth  value  of  "D  at  t  . 

o 

The  (+) 

corresponds  to  "left  hand  screw”  RV  rotational  sense,  while  (-) 
applies  to  "right  hand  screw"  RV  rotational  sense.  A  is  the 


Figura  8.  RV  ANTENNA  CONSOLIDATED  COORDINATE  SYSTEM 


I A  61.896 


Figura  9.  DIRECT  AND  SECULAR  RAYS  REFERENCED  TO  RVCCS 


separation  in  azimuth  of  the  D  and  S  unit  vectors  and  has  a 
magnitude  given  by*, 


\A\-  COS-1 


A  A  A  A " 

VXD  •  VXS 

sin  es  SIN  0D_ 


(44) 


and  sign  given  by. 


SIGN(il)  =  SIGN  [(V  XS)  X  (VXD)  -  V]  (45) 

The  preceding  equations  specify  the  directions  in  RVCCS  of  the 
direct  and  specular  path  rays  as  a  function  of  RV  position  and 
velocity.  Values  of  the  RV  antenna  field  amplitudes  (gains),  and 
the  phase  angle  separating  them,  corresponding  to  these  directions 
can  be  stored  in  a  computer  memory  following  derivation  using 
experimental  measurements. 

/V  A 

The  linear  polarization  unit  vectors  Eg  and  are 

illustrated  in  Figure  8.  The  E^  direction  is  generated  by  the  tip 
of  the  coordinate  vector  when  infinitesmally  incrementing  <f>  with  $ 
constant.  Similarly,  the  Eg  direction  is  generated  by  the  tip  of 
the  coordinate  vector  when  6  is  infinitesmally  incremented  with  0 
held  constant.  Thus,  'e^,  and  “E^  are  orthogonal  and  tangent  to 
the  reference  sphere  as  illustrated  in  Figure  8. 

Since  the  experimentally  determined  field  amplitudes  and 

E^  are  specified  in  the  RVCCS,  it  is  necessary  to  perform  a 
transformation  to  obtain  the  horizontal  and  vertical  components,  E 

n 

*  See  Appendix  A. 
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and  Ey  ..  The  vertical  polarization  lies  in  the  plane  of  incidence 
while  the  horizontal  polarization  direction  is  perpendicular  to  the 
plane  of  incidence.  To  determine  the  transformation  angles,  the 
horizontal  polarization  direction,  which  is  the  same  for  both  the 
specular  and  direct  fields,  must  be  identified.  Since  both  ~D  and 
"s’  lie  in  the  plane  of  incidence,  a  unit  vector  in  the  horizontal 
polarization  direction,  "H  ,  is  easily  constructed: 


ft.  -§JL  D~ 
ITxUI 


(46) 


Since  is  perpendicular  to  the  azimuth  plane  in  RVCCS  designated 

by  0  .  is  parallel  to  V  x  'D  and  E0g  is  parallel  to  V  x  “s. 

The  required  coordinate  system  transformation  angles  can  be  obtained 

/V 

by  determining  the  angles  (including  sign  of  the  angle)  between  V  x 
I)  and  h'  and  V  x  S  and  ft  as  illustrated  in  Figure  10. 


cos-1 


FijijLJh 
L  SIN  0D  J 


SIGN  (?7d)  =  SIGN[(V  X  D)X  H  '  D] 


cos-1 


A  A  A. 

V  X  s  Hi 
.  SIN  $s  J 


SIGN  (77s)  ='  SIGN[(V  X  S)X  H  *  $] 


(47a) 

(47b) 

(48a) 

(48b) 


A  sinusoidal  electric  field  of  general  polarization  may  be  expressed 
(for  the  direct  field)  in  terms  of  two  linear  polarization 
components  and  the  phase  angle  between  them: 


Wt}  =  V0D  003  (Wt)  %»  (49) 

W«  =  V<?D  003  (Wt  “V  (50) 
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nV3I.LU3A) 


NO  3003)  30N3QI0NI  30  3NV13 
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If  =  0,  rr,  -7T  the  resultant  field  is  linear.  If  0  <  <$D  <7Tthe 
field  is  elliptical  with  a  left  handed  rotational  sense,  while  if 
-rr  <  $D  <  0  ,  the  field  is  right-handed  elliptical.  Thus,  the  sense 
information  is  contained  in  the  sign  of  <5  . 

The  transformation  to  vertical  and  horizontal  polarization 
components  is  given  by: 

-Vj(t)  =  [V^cosCwt)  cos  77D-V0Dcos(tut-aD)  sin  rjD]  H 
"Vjj(t)  =  [V^cosCwt)  sin  ?7d  +  V^cosCtut-flp)  cos  ri^~\ 


(51) 

(52) 


These  equations  may  be  re-expressed  to  display  the  amplitudes  and 
phases  explicitly, 


■vgtt)  =  Vj  cos 


<Jt+  TAN 


-1 


%D  SIN  %  SIN  *D 


C0S  VVdD  SIN  C0S 


H(53) 


■vj(t)  =  vjj  cos 


Wt-  TAN 


-1  /V0D  C0S  SIN  *D 


Vv0d  sin^+v^  cos^  cosdD/j 


Vp  (54) 


in  which. 


1/2 


VS  1  CV|D0032  "d  *  ',0vsi"\  -  2V0D  v0d  303  Id  3ln  %  c03^d^  (55) 

V  9  ?  ?  ? 

VD  =  [V0DSln  +  oDC0S  +  2W0DCOS  Sin  %  003  V  (56) 


The  corresponding  expressions  for  the  specular  field  are  obtained  by 
replacing  subscripts  "D"  with  subscripts  "S" .  For  example,  the 
specular  component  amplitudes  are: 
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VS  =  tV|scos2  +  V0S3in2  ^S~2V0SV^SCOa  sin  cos  V"*  (57) 

Vg  =  [vj  sin2  J?s  ■*•  cos2  ?7S  ♦  2V^  Vg  cos  r?s  sin  rj^  cos  <JS]1/2  (58) 
®  s  s  s 

The  RV  antenna  pattern  is  introduced  into  the  multipath  fade 
calculation  by  using  the  experimental  values  of  and  $  in 

the  amplitude  equations  above.  On  the  other  hand,  the  relative 
antenna  gain  of  the  ARIA  phased  array  can  be  approximated 
analytically. 

The  direct  and  specular  rays,  referenced  to  the  APATS  array 
antenna,  are  illustrated  in  Figure  11.  For  the  3ake  of  simplicity, 
it  has  been  assumed  that  the  array  boresight  and  longitudinal  axes 
are  horizontal.  Since  the  array  longitudinal  axis  is  parallel  to 
the  ARIA  centerline,  the  latter  assumption  presupposes  that  the 
aircraft  is  in  level  flight  during  telemetry  acquisition. 

In  the  array  coordinate  system,  illustrated  in  Figure  11,  both 
the  direct  and  specular  rays,  which  lie  in  a  vertical  plane  of 
incidence,  have  the  same  azimuth  value, a.  The  direct  ray  has  an 
elevation  angle  V,  which  is  the  RV  elevation  angle,  while  the 
specular  ray  is  depressed  below  the  horizontal,  in  the  plane  of 
incidence,  by  0,  the  specular  angle. 

If  the  array  elements  are  arranged  in  M  rows  of  length  A  and  N 
columns  of  length  B,  then  the  antenna  gain  in  the  specular 
direction,  relative  to  the  line  of  sight  direction,  assuming  that 
the  array  is  electronically  steered  for  optimum  gain  along  the 
direct  path,  is*, 

*  See  Appendix  B. 
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A -62, 010 


2  HtTA 

g(a,  -0)  SIN  [x  siNot(cos0-  cosy) 

REL  g(a,  y )  n2  sin2  sin  a(C0S  q_  Cosy>J 

SIN2  (SIN  Q  +  SINy)] 

M2  SIN2|^|  (SIN0+  SINy)J  C°Sy 

If  the  array  elements  are  separated  by  k/ 2  and  the  direct  and 
specular  rays  are  not  widely  separated,  i.e.,  if, 

|  [SlNa(COS0-  COS  y>]  «  1  (60a) 

and, 

~  (SIN  6 +  SIN  y )  «  1  (60b) 


Then  equation  (59)  may  be  replaced  by  the  approximation. 


REL 


2 

SIN 

* 

sin  (cos#' 

-  i 

cosy) 

2 

SIN  | 

i 

~(SIN0f  SINy)] 

7TA 

~  siNa(cos0-cosy) 

_  A 

~2 

™  (SIN0+-  SINy) 

2 

1 

)cosy\ 

(COS0  / 

(61) 


and  the  relative  voltage  amplitude  at  the  array  output  associated 
with  the  direct  and  specular  fields  is  given  by  the  square  root  of 

8  REL* 


The  space  loss  of  the  specular  path  field  relative  to  the 
direct  path  field  is  designated  R  . 

uL 

All  the  major  factors  necessary  to  evaluate  the  depth  of  the  RF 
power  fade  have  now  been  considered.  The  maximum  depth  of  fade 
occurs  when  the  amplitudes  of  the  direct  and  specular  fields  are  in 
phase  opposition,  and  in  general  will  be  different  for  vertical  and 


34 


horizontal  polarization.  The  net  amplitude  is  referenced  to  the 
direct  amplitude  alone  and  therefore  zero  dB  fade  corresponds  to  no 
multipath  interference .  Thus,  for  horizontal  polarization  if. 


i  >aR  “ss  V8i—  ^ 


’REL  SL  S 


the  maximum  depth  of  the  power  fade  is, 

VD  "  °*R  n/8REL  RSL  ^  1 


-20  log 


S 


(dB) 


or  if, 


yH  <  H  a  j  R 

D  “R  SS  VgREL  SL  S 

-20  log 


'  H  , - 5 - ,,H 

“R  aSS  v%EL  RSL  VS  *  VD 


,H 


(dB) 


is  applicable.  For  vertical  polarization,  if. 


VD  >  aR  “ss  \/gREL  ^SL  V£ 


the  maximum  depth  of  fade  is, 


-20  log 


VD  "  °*R  “ss  \/gREL  RSL  VS 


Vi 


.V 


(dB) 


and  if, 


VD  <  “fi  “SS  >/®REL  RSL  VS 


the  power  fade  is, 


-20  log 


V 


aR  ^SS  '/gREL  RSL  VS  ~  VD 


(dB) 


(62) 


(63) 


(64) 


(65) 
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H  H  V  V 

In  the  above,  VD  •  vs  •  VD  and  vs  are  Siven  by  Eqs.  (55),  (56), 
(57),  and  (58)  respectively. 


As  discussed  in  the  previous  section,  fading  occurs  (for  pure 
carrier  interference)  with  a  beat  frequency  given  by  the 
differential  Doppler  shift:  from  Equations  (4c)  and  (4d) , 


ojvl 

=  -g—  (COS  9S  -  COS  0D) 


(66) 


in  which  Equations  (40)  and  (41)  have  been  used. 
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SECTION  4 


CALCULATIONS 


In  the  previous  section,  the  factors  required  to  calculate  the 
depth  of  RF  fading  and  frequency  of  fade  for  the  basic  multipath 
model  were  discussed  in  detail.  Here  the  results  of  calculations 
are  presented  and  used  to  illustrate  and  support  some  of  the 
conclusions  which  were  advanced  in  Section  1. 

The  results  of  purely  geometrical  calculations  of  the  relative 
channel  time  delay  are  illustrated  in  Figure  12.  The  flat  earth 
approximation  was  used  in  these  computations  so  that  the  delays  are 
slightly  exaggerated  relative  to  those  which  would  have  been 
obtained  from  a  rigorous  curved  earth  calculation.  The  delay 
increases  linearly  with  ARIA  altitude  for  a  given  baseline  and  RV 
height.  If  10%  intersymbol  interference  is  deemed  tolerable,^  a 
symbol  rate  of  up  to  65  k/s  is  feasible  if  the  ARIA  is  at  9  km  and 
RV  is  at  1  km,  for  example. 

In  Figure  13  the  differentia]  Doppler  shift  as  a  function  of 
ARIA  altitude  is  plotted  for  three  different  RV  trajectories. 
Trajectory  A  is  predominantly  vertical  and  yields  a  large  Doppler 
shift.  Trajectory  C  is  mainly  transverse  and  therefore  shows 
relatively  weak  Doppler  shifts,  while  trajectory  B  represents  an 
"average”  situation  in  which  the  magnitudes  of  all  velocity 
components  are  equal.  In  each  case,  however,  the  difference  between 
the  Doppler  shifted  frequencies  increases  nearly  linearly  with  ARIA 
altitude  for  a  given  RV  height  and  baseline.  As  noted  previously, 
Doppler  shifts  can  be  particularly  troublesome  vis-a-vis  subcarrier 
interference  and  modulation  distortion — a  topic  which  requires 
further  in-depth  study. 
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IE  DELAY  DIFFERENCE  VS.  ARIA  ALTITUDE 


ZIO'ZSVI 


DIFFERENTIAL  DOPPLER  SHIFT  VS.  ARIA  ALTITUDE 


To  calculate  RF  power  fades,  the  RV  antenna  radiation  pattern 
is  required  if  truly  realistic  results  ere  to  be  obtained,  however, 
in  lieu  of  an  actual  experimental  pattern,  which  had  not  yet  been 
interfaced  with  the  computer  at  the  time  of  this  writing,  a  "dummy" 
pattern  was  used.  The  pattern  so  employed  is  that  of  a  dipole 
parallel  to  the  RV  axis  with  a  deeply  scalloped  azimuthal  dependence 
intended  to  crudely  imitate  nulls  (~25  dBi)  in  the  true  antenna 
pattern.  More  specifically, 

1  /p 

«  sin  0CO.O5  +  0. 95  | cos  <f>\  3;  =  0  (67) 

were  employed.  The  model  gain  is  displayed  in  Figure  14  for  9-  90°. 
For  all  calculations  the  RV  was  assumed  to  roll  at  720°  s-^ .  The 
local  coordinate  system  shown  in  Figure  15  was  employed  throughout 
these  calculations  for  simplicity.  All  of  these  calculations  were 
performed  using  an  HP41C  programmable  calculator  system. 

In  Figures  16  and  17  the  calculated  maximum  RF  fade  depths  for 
horizontal  polarization,  as  referenced  to  the  direct  signal 
strength,  are  plotted  as  a  function  of  RV  altitude  for  an  ARIA 
altitude  of  2  km.  For  the  case  illustrated  by  Figure  16,  the  RV 
velocity,  which  is  assumed  to  be  constant  for  the  altitude  range 
considered,  is  predominantly  vertical,  while  for  Figure  17  the 
trajectory  is  predominantly  horizontal.  Since  computations  of  the 
fade  depth  were  performed  at  10  m  intervals  of  altitude,  areas  of 
the  plot  for  which  the  fade  is  varying  rapidly  are  either  indicated 
with  dashed  lines  or  point  values.  Points  marked  by  a  cross  specify 
fades  for  which  the  specular  voltage  exceeds  the  direct  voltage  at 
the  array  output. 

Two  strong  features  of  these  theoretical  curves  are  immediately 
evident:  (1)  on  the  average,  the  fades  become  gradually  deeper  as 
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IA  62  014 


Figur*  15.  SIMPLIFIED  LOCAL  COORDINATE  SYSTEM 


BV  ALTITUDE  (Wm) 

ARLY  vertical  rv  trajectory 


F>«ut»  XI.  RF  FADE  FOR  NEARLY  HORIZONTAL  RV  TRAJECTORY 


the  RV  descends,  and  (2)  the  curves  are  "modulated'*  by  large  spikes 
which  occur  at  intervals  which  correspond  to  the  vertical  distance 
through  which  the  RV  moves  in  the  time  required  for  it  to  execute  a 
rotation  of  180°.  Closer  examination  of  these  results  reveals  that 
feature  ( 1 )  is  a  consequence  of  the  relative  ARIA  antenna  gain  for 
the  direct  and  specular  beam,  while  feature  (2)  results  from  the 
interplay  of  the  RV  antenna  pattern,  RV  rotation,  and  the  specular 
multipath  geometry.  More  specifically,  when  the  RV  velocity  vector 
does  not  lie  in  the  plane  of  incidence  of  the  specular  beam,  the 
direct  and  specular  rays  have  different  azimuth  values  in  the  RV- 
Antenna  Consolidated  Coordinate  System  (RVCCS).  When  a  null  in  the 
model  antenna  pattern  rotates  through  the  plane  of  incidence,  the 
relative  strengths  of  the  direct  and  specular  beams  alternate.  In 
the  examples  illustrated  in  Figures  16,  17  and  those  that  follow, 
the  RV  rotation  is  such  that  the  specular  direction  intercepts  the 
antenna  null  before  the  direct  direction,  hence  fades  are  alleviated 
initially,  but  become  much  worse  when  the  direct  beam  direction 
aligns  with  the  null  several  degrees  or  so  of  RV  rotation  later. 

The  peak-to-peak  spike  deflection  is  a  function  of  the  antenna  null 
depth  and  the  azimuthal  separation  of  the  direct  and  specular  rays 
in  the  RVCCS.  This  azimuthal  separation  is  a  function  of  RV 
trajectory  and  RV-ARIA  geometry  and  is  given  by  Eq.  45.  Generally, 
the  azimuthal  separation  angle,  ,  is  larger  for  lower  RV 
penetration  angles  and  for  a  given  RV  trajectory  increases  as  the 
ARIA  altitude  increases,  as  shown  in  Appendix  A,  Figure  23- 

Thus,  nulls  in  the  RV  antenna  pattern  (or  any  large  antenna 
power  variations  occurring  over  angles  the  order  of  the  azimuth 
separation  angle)  can  lead  to  brief  but  extremely  deep  RF  power 
fades  relative  to  those  which  might  be  anticipated  for  an  isotropic 
transmitter.  In  addition,  these  multipath  fades  will  occur  at  times 
when  the  direct  signal  strength  is  already  low.  The  frequency  of 
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the  deep  fades,  in  the  context  of  the  present  model,  is  twice  the  RV 
rotational  frequency,  since  two  nulls  are  intercepted  for  every 
rotation  of  the  RV.  If  the  RV  trajectory  is  nearly  horizontal,  as 
is  the  case  in  Figure  17.  more  deep  fades  can  be  witnessed  since  the 
RV  is  aloft  longer  than  would  be  the  case  for  a  vertical  trajectory, 
assuming  RV  speed  is  constant. 

Figures  18,  19  and  20  illustrate  the  dependence  of  fade  depth 

on  ARIA  altitude.  A  smooth  sea  surface  (sea  state  1 ,  <7  =  6.5  cm) 

h 

is  assumed  to  realistically  model  the  worst  multipath  environment 
likely  to  be  encountered  in  the  broad  ocean  area.  For  all  RV  and 
ARIA  altitudes,  horizontal  polarization  suffers  far  deeper  fades 
than  vertical  polarization.  This  result  follows  from  the  behavior 
of  the  Fresnel  reflection  coefficients.  In  particular,  for  sea 
water,  the  amplitude  of  the  vertical  polarization  Fresnel 
coefficient  has  a  minimum  of  0.1  at  6°  grazing  incidence 
(Brewster  angle).  The  near  absence  of  vertical  polarization 
multipath  fading  near  this  angle  is  evident  for  the  RV-ARIA  geometry 
of  Figure  19,  since  the  ARIA  altitude  of  4  km  over  a  baseline  of  40 
km  yields  a  specular  grazing  angle  of  about  6°.  The  amplitude  of 
the  horizontal  polarization  Fresnel  coefficient  is  nearly  unity  for 
grazing  angles  less  than  20°,  so  that  the  fades  are  generally 
reduced  only  by  sea  roughness  and  the  receiving  antenna  directivity. 
In  this  connection  it  is  evident,  that  for  a  given  sea  state,  a 
larger  specular  grazing  angle,  as  is  subtended  by  a  higher  flying 
ARIA,  will  reduce  fading,  at  least  in  the  context  of  the  coherent 
specular  multipath  model,  and  an  isotropic  RV  antenna  power  pattern. 

Figure  21  illustrates  the  influence  of  ocean  surface  roughness 
on  RF  multipath  fading  for  a  nominal  trajectory.  It  is  realized 
that  for  a  non-smooth  sea  diffuse  or  incoherent  multipath  must  be 
considered;  however,  the  present  model,  which  neglects  incoherent 
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Finor*  18.  RF  FADE  FOR  ARIA  AT  1  km  ALTITUDE 
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Fi*ur«  21.  RF  FADE  VERSUS  SEA  STATE 


scatter,  indicates  that  significantly  better  system  performance  can 
be  expected  for  test  support  positions  over  rough  aeas. 

The  first  conclusion  in  Section  1  was  predicated  on  a  4°  ARIA 
antenna  beamwidth,  which  roughly  corresponds  to  the  150  cm  array 
vertical  length  used  throughout  the  previous  calculations  (approx.  3 
dB  beamwidth  »  sin  (A/b)).  The  subject  of  Figure  22  is  the 
relationship  between  array  length  ("B"inEq,61)  and  RF  fade  depth, 
with  all  other  parameters  constant.  Clearly,  for  the  higher  RV 
altitudes  shown,  the  larger  arrays  reduce  fade  considerably  by 
discriminating  against  the  specular  path  beam.  Approximate 
beamwidths  are  noted  adjacent  to  the  array  size  in  the  figure  key. 
Note  that  for  the  1.5  m  array,  the  specular  beam  falls  into  a  null 
at  an  RV  altitude  of  1.75  km. 

In  Section  1,  reference  was  made  to  a  study1  which  purports  to 
show  that  multipath  is  a  problem  for  ARIA  missions  at  VHF  with  a 
relatively  low-gain  receiving  antenna.  The  present  and  proposed 
(APATS)  ARIA  systems  are  at  S-band  (2.2  GHz)  and  incorporate  high 
gain  (~28-32  dB)  receiving  antennas.  In  principle,  multipath  should 
be  greatly  alleviated  by  both  of  these  factors,  since  sea  roughness 
is  much  more  pronounced  for  shorter  wavelength  radiation  and  the 
specular  multipath  channel  should  be  reduced.  On  the  other  hand, 
differential  Doppler  shift  is  much  greater  at  S-band  and  can  become 
a  nuisance.  In  any  case  "multipath"  still  interferes  with  efficient 
telemetry  detection  at  higher,  more  desirable  ARIA  altitudes  at 
S-band,  so  further  study  of  multipath  interference  is  required, 
with  emphasis  on  the  influence  of  telemetry  support  altitude. 
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RV  ALTITUDE  (km) 

Figure  22.  RF  FADE  VERSUS  ARRAY  HEIGHT  (RECEIVE  SEAMWJDTH) 
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APPENDIX  A 


RVCCS  AZIMUTH  DETERMINATION 


The  vectors  V,  D  and  S  are  conveniently  specified  in  the  local 
coordinate  system  illustrated  in  Figure  15;  however,  it  i3  necessary 
to  determine  the  angular  coordinates  (.<p,9)  of  ft  and  ft  in  the  RV 
consolidated  coordinate  system  (RVCCS)  in  order  to  determine  the  RV 
antenna  gain  in  the  direct  and  specular  directions,  respectively. 
Since  ft  is  coincident  with  the  polar  axis  of  the  RVCCS,  the  angles 

/N  /"V  /V 

included  between  V  and  D,  and  between  V  and  S  are  immediately 
identified  as  6 D  and  respectively,  as  illustrated  in  Figure  9. 
From  elementary  vector  algebra, 


eD  =  cos'"1 

[ft  • 

D] 

(40) 

es  =  cos'1 

A 

A. 

(41) 

[V  • 

S] 

and  these  angles  can  range  from  0°  to  180°.  Unit  vectors*  which 
lie  in  the  equatorial  plane  of  the  RVCCS  and  are  perpendicular  to 

A 

the  azimuth  plane  in  which  D  and  S  lie  are  given  by,  respectively, 

/\  /\  -A  /V 

VXD  ,  V  X  S 
SIN 6^  5  SIN0s 


Both  of  these  vectors  lie  in  the  RVCCS  equatorial  plane  and  the 
angle  between  them  is  identical  to  the  azimuthal  separation  angle  of 

A  /\ 

D  and  S.  The  magnitude  of  the  difference  angle  is  readily  obtained 
from  the  dot  product, 


\M 


=  cos 


/v  /\  /\  /ST 

VXD  •  V  X  S 
SIN  0D  SIN  0S 


*  Actually  pseudovectors. 


(44) 


55 


and  is  plotted  as  a  function  of  ARIA  altitude  for  several  RV 
trajectories  in  Figure  23. 


However,  the  sign  of  A  cannot  be  obtained  from  the  dot  product 
since, 


COS(-A’)  =  COS  OO 

Note,  however,  that  if  the  cross  product  of  the  equatorial  plane 

vectors  is  taken  the  resulting  vector  is  either  parallel  or 
/\ 

antiparallel  to  V,  depending  upon  the  order  of  the  equatorial 
vectors.  If  0D  is  greater  than  (f>^,  A  is  positive  (see  Equation  43) 
and  the  scalar , 


(US)  X  (tlD)  •  V 


(68) 


is  positive,  i.e.,  the  cross  product  of  the  equatorial  vectors, 
taken  in  the  order  shown  in  (68),  is  a  vector  parallel  to  *V,  which 
when  dotted  into  v"  must  yield  a  positive  number.  Similarly,  if  A  is 
negative,  the  scalar  given  by  (68)  is  negative,  since  the  vectors 
are  antiparallel.  Thus,  the  sign  of  the  number  given  by  (68)  is  the 
sign  of  A  as  indicated  in  Equation  (45). 


If  the  direction  of  the  RV  velocity  does  not  change  in  the  time 
interval  t-tQ,  the  unit  vectors  in  the  direct  and  specular 
directions  can  be  represented  by, 
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(69b) 


56 


'  / 


AZIMUTH  DIFFERENCE  ANGLE  VERSUS  ARIA  ALTITUDE  FOR  SEVERAL  RV 
TRAJECTORIES,  A  40  km  BASELINE  AND  RV  ALTITUDE  OF  1  km 


■/ 


V(t) I dt 


and  once  again  the  magnitude  of  A  is  given  by, 

\A(t)\  =  cos"1 

But  since, 


A  A  A  A 

V  X  D(t)  •  V  X  S(t) 


|V  X  fi(t)  |  |V  X  S(t)|J 


/v  /s 
V  X  aV  a  0 


A  /\  A  A  /\  /\  /\  /\ 

V  X  D(t)  •  V  X  S(t)  =  V  X  Dt  •  V  X  St 

o  Lo 


and  A  is  not  dependent  upon  time  in  the  interval  t-tQ. 


(69c) 


(70) 


The  initial  orientation  of  the  RV  can  be  fixed  by  specifying 
the  azimuth  coordinate  of  L  at  he  initial  time,  tQ.  RV  rotation 
then  causes  the  azimuth  to  change  as  the  RV  descends.  If  the 
rotation  is  counter-clockwise  as  viewed  from  the  nose  of  the  RV 
(right-hand  screw  rotation),  the  azimuth  of  I)  and  "s  decreases,  while 
if  the  RV  rotation  is  clockwise  as  viewed  from  the  RV  nose  (left- 
hand  screw  rotation),  the  azimuth  of  ft  and  increases.  These 
considerations  are  summarized  in. 


|+  LHS 

«y '•>  =  w  ±  %  (t-v 

(-  RHS 

(42) 

0s(t)  =  0D(t)  -A 

(43) 

which  appeared  in  the  previous  text. 
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APPENDIX  B 


RELATIVE  GAIN  OF  RECEIVING  ARRAY 


The  purpose  of  this  Appendix  is  to  derive  the  gain  of  a  planar 

phased  array  antenna  in  the  (0,  0)  direction  (see  Figure  24) 

relative  to  the  (0  ,  0  )  direction  to  which,  it  is  assumed,  the 
o  c 

array  is  electronically  steered. 


If  the  elements  are  arranged  in  N  columns  spaced  at  intervals 
of  Ay,  and  M  rows  spaced  at  intervals  of  Az,  the  element  position 
vectors  for  this  rectangular  array  lattice  are  given  by, 

R (n ,  m)  =  n  Ay  y' m  Az  z  ^ 

n  =  0,  1,  2 _ N-1  \  (71) 

m  =  0,  1 ,  2. . . .  M-1  j 

with  respect  to  the  origin  in  the  lower  left  corner  of  the  antenna 
as  depicted  in  Figure  24. 


A  plane  wave  incident  from  the  (0,  $)  direction  has  a 
wavevector  k  whose  components  are  proportional  to  the  direction 
cosines  of  k  ,  COS  a  and  COS  0,  with  respect  to  the  y1  and  z1 
directions,  respectively: 

k  =  ky  9  +  kz  "z  =  —  (cos  a  y“  +  cos  0  £)  (72a) 

COS  a  =  COS  9  SIN  0) 

COS  0  =  SIN  9  J  (72b> 

On  the  other  hand  the  array  is  phased  to  maximize  the  gain  for  a 
plane  wave  with  wavevrctor  kQ  given  by, 
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24.  2-DIMENSIONAL  ARRAY  GEOMETRY 


25T 

X 


(cos  a  $  +  cos  /?  S’) 

o  ^  c 


(73a) 


k  =  kv  ?  ♦  k,  2  = 


COS  C*  =  COS  0  SIN  0 
0  0  r0 

COS  £  =  SIN  Q 

^  o  v0 


(73b) 


Therefore,  the  phase  angle  by  which  the  wave  represented  by  k 
differs  from  the  optimum  phase  at  element  (n,  m)  is  given  by, 


<^k(n,  m)  -A k  •  R(n,  m) 


(7«) 


27T 

=  X 


cos  ct  -  cos  a  )  +  m  4z(cos  8  -  cos 
o 


and  the  total  amplitude  of  the  contribution  to  the  array  output  from 
lT,  relative  to  that  at  kQ  is  given  by, 


A(k) 

A(k  )“ 
o 


N-1 

£  e 
n=0 


M-1 


i  27n\Ay  .  .  i  27TmAz  ,  _  _  N 

— j-*-  (cos  a-  cos  ctQ)  2_j  e  — - —  (cos/S-  cos  8q) 


m=0 


NM 


(75) 


in  which  uniform  array  illumination  is  implicit  since  all  phasor 
amplitudes  are  unity.  Addition  of  the  geometric  sums  in  Equation 
(75)  and  extraction  of  an  unimportant  phase  factor  yields, 


1  / 
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(76) 


A(k)  = 
A(k0) 


SIN  (coso-cosc^)  SIN  (cos/S-co3^q)J 

NSIN  [~  (cosa-cosc^j  M  SIN  ||  (cos/3-cos/Snj 


in  which. 


A  =  N^y 


is  the  array  length,  and 


B  =  HAz 


(77a) 


(77b) 


is  the  array  width.  In  addition  to  the  result  expressed  by  Eq. 

(76),  it  should  be  noted  that  the  gain  of  an  array  in  a  particular 
direction  is  approximately  proportional  to  the  array  aperture 
projected  in  a  plane  perpendicular  to  that  direction.  The 
projection  factors  for  a  unit  of  array  area  are  the  direction 
cosines  of  kQ  and  k  with  respect  to  £,  i.e., 

Rq  •  x  =  cos  dQ  =  cos  $o  cos  0Q  (78) 

£  •  x  =  cos  5  =  cos  6  cos  <fi  (79) 


The  gain  at  k  relative  to  kQ  is  finally  given  by. 


?REL 


(k,kQ) 


cos  (5 
c°S0o 


(80) 


It  should  be  remembered  that  Equation  (76)  is  obtained  for  an 
assumption  of  uniform  illumination  and  is  based  on  an  "array  factor" 
calculation  which  does  not  take  into  account  the  individual 
"embedded"  element  patterns. 
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